Alzheimer disease (AD) is a complex disorder characterized by a wide range, within and between families, of ages at onset of symptoms. Consideration of age at onset as a covariate in genetic-linkage studies may reduce genetic heterogeneity and increase statistical power. Ordered-subsets analysis includes continuous covariates in linkage analysis by rank ordering families by a covariate and summing LOD scores to find a subset giving a significantly increased LOD score relative to the overall sample. We have analyzed data from 336 markers in 437 multiplex (у2 sampled individuals with AD) families included in a recent genomic screen for AD loci. To identify genetic heterogeneity by age at onset, families were ordered by increasing and decreasing mean and minimum ages at onset. Chromosomewide significance of increases in the LOD score in subsets relative to the overall sample was assessed by permutation. A statistically significant increase in the nonparametric multipoint LOD score was observed on chromosome 2q34, with a peak LOD score of 3.2 at D2S2944 ( ) in 31 families with a minimum age at P p .008 onset between 50 and 60 years. The LOD score in the chromosome 9p region previously linked to AD increased to 4.6 at D9S741 ( ) in 334 families with minimum age at onset between 60 and 75 years. LOD scores P p .01 were also significantly increased on chromosome 15q22: a peak LOD score of 2.8 ( ) was detected at P p .0004 D15S1507 (60 cM) in 38 families with minimum age at onset у79 years, and a peak LOD score of 3.1 (P p ) was obtained at D15S153 (62 cM) in 43 families with mean age at onset 180 years. Thirty-one families .0006 were contained in both 15q22 subsets, indicating that these results are likely detecting the same locus. There is little overlap in these subsets, underscoring the utility of age at onset as a marker of genetic heterogeneity. These results indicate that linkage to chromosome 9p is strongest in late-onset AD and that regions on chromosome 2q34 and 15q22 are linked to early-onset AD and very-late-onset AD, respectively.
Introduction
Alzheimer disease (AD [MIM 104300]) is a neurodegenerative disorder that is the most common cause of dementia in older adults. The etiology of AD is complex, comprising both genetic and environmental factors. Four genes are known to be associated with AD. Mutations in three of these genes (amyloid precursor protein [APP] , presenilin 1 [PS1], and presenilin 2 [PS2]) cause autosomal dominant, early-onset familial AD (Goate et al. 1991; Levy-Lahad et al. 1995; Sherrington et al. 1995) . Together, these genes account for !2% of all cases of AD.
The fourth gene, apolipoprotein E (APOE), increases risk of the more common late-onset familial and sporadic forms of AD. The APOE-4 allele increases risk and reduces age at onset of AD in a dose-dependent manner (Corder et al. 1993 (Corder et al. , 1994 Saunders et al. 1993; Strittmatter et al. 1993) . These genes were identified by studying sets of families chosen by age at onset and inheritance pattern. Age at onset is clearly an important covariate for the identification of susceptibility genes for AD.
In addition to the relationship of these known genes with age at onset of AD, several lines of evidence suggest that age at onset may have other genetic determinants. Segregation analysis of large pedigrees with AD suggested that multiple loci associated with age at onset exist (Daw et al. 2000) . Quantitative trait linkage analysis, with age at onset as the trait of interest, identified several genomic regions that might contain genes modulating age at onset of AD symptoms (Li et al. 2002) .
Although the identification of APP, PS1, PS2, and APOE has significantly advanced the understanding of the etiology of AD, together these loci explain, at most, 50% of the genetic effect in the disease (Farrer 1997) . Several large families with early-onset familial AD have been reported that do not have mutations in APP, PS1, or PS2, indicating that at least one additional earlyonset AD gene exists (Janssen et al. 2003) . Also, familial aggregation of AD has been described in populations with low frequency of the APOE-4 allele, indicating that additional late-onset AD genes exist (Pericak- Vance et al. 1996) . Therefore, significant effort has been invested in identifying additional susceptibility loci, particularly for late-onset (age at onset 160 years) AD. To this end, many genomic screens have been performed in families with multiple individuals diagnosed with late-onset AD (Pericak- Vance et al. 1997 Vance et al. , 2000 Kehoe et al. 1999; Hiltunen et al. 2001; Myers et al. 2002; Blacker et al. 2003; Farrer et al. 2003) . Although these studies have detected suggestive evidence for linkage on many chromosomes, the strongest and most consistent linkages across these studies were to regions of chromosomes 9, 10, and 12. However, aside from considering late-onset AD separately (variously defined as у60 and у65 years old), these studies have not thoroughly considered linkage heterogeneity by age at onset. Two recent studies (Olson et al. 2001 (Olson et al. , 2002 describe analyses including age as a covariate in linkage analysis of affected relative pairs. These studies report significant differences in linkage on chromosomes 20 and 21 when current age was used as the covariate, which was interpreted as meaning that these loci influenced duration of AD rather than age at onset.
Since the effects of all known AD loci have been shown to be age dependent, the limited consideration of age at onset may have low power to detect linkage to loci with age-dependent effects on risk of AD. Therefore, examination of genomic-screen data with consideration of age at onset as a covariate may refine estimates of linkage.
Several methods of incorporating covariates into linkage analysis have been developed. The simplest to apply is stratification of families into defined subsets according to age at onset (Pericak-Vance et al. 1991) . Blacker and colleagues (2003) recently employed this approach, classifying families as "late onset" if all affected individuals had onset of AD at age у65 years and "early/ mixed" if at least one individual was affected at onset age !65 years. One disadvantage of this method is that a predetermined cut point must be used for stratification and may not result in the most homogeneous subsets. For example, the APOE gene has its maximum effect on risk of AD between the ages of 60 and 70 years; therefore, a cut point of age 65 years might decrease the power of the analysis to detect the APOE gene. An alternative to stratification is ordered-subsets analysis (OSA) (Hauser et al. 1998, in press; Ghosh et al. 2000; Shao et al. 2003) . OSA orders families by a continuous covariate (such as mean age at onset) and then finds the subset with maximum evidence for linkage to a particular map of markers. The statistical significance of the increased evidence for linkage relative to evidence for linkage in the entire sample is assessed via permutation. This approach identifies a set of families in which the LOD score in a particular region is higher than in the overall data set. Thus, the primary goal of OSA is to identify regions of increased linkage in a subset of families, even though genetic heterogeneity significantly reduces the evidence for linkage in the overall data set. Subsets identified by OSA may then be used for candidate-gene analysis and fine mapping in that region of interest. OSA limits the possibility of missing such a covariate-dependent linkage result because it adaptively chooses the cut point for a stratified analysis on the basis of the observed linkage evidence. We have applied OSA to data from a recently completed genomic screen in late-onset AD (Pericak- Vance et al. 2000) to identify loci with increased evidence for linkage (relative to the overall sample) in subsets of families defined by mean and minimum ages at onset.
Subjects and Methods

Subjects
Families with two or more individuals with a diagnosis of probable or definite AD were ascertained by the Collaborative Alzheimer Project (CAP [Duke University Medical Center, Vanderbilt University Medical Center, and University of California at Los Angeles]), the National Institute of Mental Health (NIMH) AD Genetics Initiative (Massachusetts General Hospital, Johns Hopkins University, and the University of Alabama at Birmingham), and the Indiana University (IU) AD Cell Repository. Informed consent was obtained for each participant, under protocols approved by the institutional review boards at the participating sites. The current study was conducted under protocols approved by the Duke University Medical Center institutional review board. A subset of 437 white families with complete ageat-onset information was selected from the original 455 families included in the genomic screen (Pericak- Vance et al. 2000) . Two Latino and three African American families were removed from the original genomic screen data set to control for potential linkage heterogeneity by ethnicity; linkage results in regions of interest became more significant when these families were removed (data not shown). These 437 families contained 1,252 sampled individuals (1,014 affected individuals), 543 affected sibling pairs, and 62 other affected relative pairs.
The diagnosis of AD was consistent with National
Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association consensus diagnostic criteria (McKhann et al. 1984) . Autopsy confirmation of the AD diagnosis, by use of consensus criteria (Mirra et al. 1991; Hyman and Trojanowski 1997) , was obtained for at least one individual with AD in 227 of the 437 (52%) families. Age at onset of AD was recorded as that age at which the first symptoms were noted by the participant or a family member. The mean age at onset for individuals with AD was ‫7.6ע7.27‬ years (range 49-93 years). Two covariates were used to divide the families into subsets, mean age at onset and minimum age at onset. To examine the notion that early onset, even in only one member of the family, may be a marker for increased genetic susceptibility in a given region of the genome, the minimum age at onset was determined by the youngest age at onset in each family. Use of minimum age at onset as a covariate may therefore increase the power to detect a locus that causes earlier-onset AD with wide intrafamilial variation in age at onset, as is seen in families with PS2 mutations (Sherrington et al. 1996) .
Laboratory Analysis
Genomic DNA was extracted from whole blood by use of the Puregene system (Gentra Systems) (for CAP samples) or was obtained directly from repositories (for NIMH and IU samples). Microsatellite-marker genotyping was performed for 336 markers by use of the FASST method (Vance and Ben Othmane 1998) . Markers were selected on the basis of heterozygosity, ease of genotyping, and location, to generate a marker map of ∼10 cM density.
Systematic genotyping errors were minimized by use of a system of quality control (QC) checks with duplicated samples (Rimmler et al. 1998 ). On each 96-well PCR plate, two standard samples from CEPH families were included, and six additional samples were duplicates of samples either on that plate or on another plate in the screen. Laboratory technicians were blinded to the location of these QC samples to avoid bias in interpretation of results. Automated computer scripts checked each set of genotypes submitted by the technician for mismatches between the duplicated samples; mismatches were indicative of potential genotype reading errors, misloading of samples, and sample misallocations. Mismatched reads were returned to the laboratory technician with a set of surrounding samples for rereading. As an additional QC measure, potential pedigree errors were checked with the program RELPAIR (Boehnke and Cox 1997) , which infers likely relationships between pairs of relatives, using identity-by-descent sharing estimates from a set of microsatellite markers.
Statistical Analysis
The affected relative pair-allele-sharing method implemented in the ASM module of GENEHUNTER-PLUS (Kong and Cox 1997) was used to calculate multipoint nonparametric LOD scores with the S pairs statistic and a linear model. Intermarker distances were obtained from the genetic linkage maps developed by Marshfield Medical Research Foundation (Broman et al. 1998) .
The OSA program (Hauser et al. 1998, in press ) was used to identify significant increases in multipoint nonparametric LOD score curves in subsets of families defined by mean and minimum ages at onset. The OSA method proceeds as follows:
1. Order families by a family-specific covariate value. 2. Assign ranks to each family in ascending and descending order. Families with the same covariate value are given the same rank. 3. Beginning with the first-ranked families, calculate the multipoint LOD scores for the subset across all map positions for a chromosome. Store the maximum LOD score and map position. 4. Add the family (or families) next in order after the previous subset (e.g., 1ϩ2). Calculate the multipoint LOD scores. Store the maximum LOD score and map position. Consider successively larger subsets by repeating this step (e.g., 1ϩ2ϩ3, 1ϩ2ϩ3ϩ 4,…), adding the remaining families in order until all families are included in the final subset (i.e., ). 1 ϩ … ϩ N 5. Select the subset with the highest maximum LOD score. 6. Perform permutation tests of the chromosomewide significance of the increase in this maximum LOD score over baseline: A. Randomly order families with the same number of ranks as in step 2. B. Repeat steps 3-5. C. Determine if the subset generates a multipoint LOD score anywhere on the chromosome at least as high as the maximum subset LOD score found in step 5. D. Repeat 10,000 times. E. Calculate an empirical P value on the basis of the proportion of 10,000 random orderings of families that gave a maximum subset LOD score greater than that seen in step 5. 7. Repeat the procedure for each covariate and ranking order (ascending and descending). In addition, the "optimal slice" option was used to define the subset (of any size) of adjacent families from anywhere in the covariate distribution that maximized the LOD score. This option follows the procedure outlined above but repeats the process beginning with successively higher ranks (e.g., start with the second rank, then the third rank, etc.). The optimal-slice analysis considers a much greater number of potential subsets than the other two rank orders. Therefore, if the same subset of families is identified in the ascending or descending orders and the optimal-slice option, the optimal-slice subset may have a larger P value than the other analyses.
For each chromosome, six maximum nonparametric LOD scores were obtained. To adjust for the use of two covariates (minimum and mean ages at onset) and two independent ranking orders (ascending and descending), a nominal significance level of 0.0125 (0.05/4) was used. As OSA results for the optimal-slice option are highly correlated with those for ascending and descending rankings, no correction was made for the optimal-slice analysis. Since analysis was performed on 23 chromosomes, results with P values !.0005 (.0125/23) may be considered as having genomewide significance. Clinical features for each subset with a statistically significant increase in nonparametric LOD score were analyzed using SAS version 8 (SAS Institute).
To assess the potential modification of linkage by APOE genotype in OSA-defined subsets, the ASM module of GENEHUNTER-PLUS (Kong and Cox 1997) was used to generate nonparametric LOD scores in OSA subsets weighted by APOE-4 carrier status. Increases in LOD scores when weighting by the proportion carrying the APOE-4 allele indicates epistasis, whereas increases when weighting by the proportion not carrying an APOE-4 allele indicates linkage heterogeneity.
Results
Nominally significant increases in LOD scores were observed in three regions of the genome, on chromosomes 2q34, 9p22, and 15q22 (table 1) . When ordering families by ascending minimum age at onset, a maximum LOD score of 3.0 was obtained at D2S2944 (210 cM) in the 32 families with minimum age at onset р60 years. This was a significant increase from the baseline LOD score of 0 ( ). The optimal slice identified for this re-P p .002 gion was 31 families with minimum age at onset of 50-60 years; the maximum LOD score was 3.2 at D2S2944 ( ). The 1-LOD-unit down support interval (SI) P p .008 for this peak is 46 cM wide, from 193 cM to 239 cM ( fig. 1) .
Consistent with the original genomic screen analysis (Pericak- Vance et al. 2000) , the region on 9p22 generated strong evidence for linkage in the overall data set ( ). Although neither the ascending nor de-LOD p 3.0 scending orders generated a significant increase in the LOD score, the optimal-slice ranking by minimum age at onset generated a maximum LOD score of 4.6 at D9S741 ( ) in the 334 families with minimum age P p .01 at onset between 60 and 75 years. The 1-LOD-unit down SI for this peak is 15 cM wide, from 33 cM to 48 cM ( fig. 2) .
When descending minimum age at onset was considered as the covariate, a maximum LOD score of 2.8 was obtained at D15S1507 (60 cM) in the 38 families with minimum age at onset у79 years. This was also a significant increase from the baseline LOD score of 0 ( ). The same 38 families were identified as the P p .0004 optimal slice for this covariate. The 1-LOD-unit down SI for this peak was 21 cM wide, from 51 cM to 72 cM ( fig. 3) .
Similarly, when considering family mean age at onset as the covariate, a maximum LOD score of 3.1 was obtained at D15S153 (62 cM) in the 43 families with mean age at onset у80 years ( ). The optimal slice P p .0006 consisted of the same 43 families; however, the P value for this subset was much less significant ( ), owing P p .01 to the greater number of subsets considered in the optimal-slice analysis. The 1-LOD-unit down SI for this region is 14 cM wide, from 56 cM to 70 cM ( fig. 3) .
The two chromosome 15 regions overlap significantly. Both subsets contain 31 of the same families, and the SI for the descending mean age-at-onset peak is completely contained within the SI for the descending minimum-age at onset peak. The peak markers (D15S1507 and D15S153) are only 2 cM apart. Thus, these two results point to the same very-late-onset AD locus on 15q22 in a subset of 50 families.
A description of these subsets by family size, origin of data set (CAP, IU, and NIMH), age at onset, and APOE-4 carrier status is provided in table 2. There is some overlap between the subsets of families linked to the three regions: the chromosome 2q and 15q subsets do not overlap at all, three families are in both the chromosome 9p and 15q subsets, and 13 families are in both the 2q and 9p subsets. A greater percentage (19%) of the 31 families in the 2q34 subset were "extended families" (defined as "those families with sampled affected relative pairs other than sibling pairs"), compared with the overall data set (6%). In addition, this subset contained a higher proportion of families from the CAP (18%) and IU (12%) data sets, compared with the NIMH data set (3%). This is perhaps because the publicly distributed NIMH data set is composed primarily of families containing affected sibling pairs, with few other affected-relative pairs available. It is not surprising that this subset had an earlier mean age at onset (66.1 years) than did the overall data set (72.7 years), but the range of age at onset was not substantially different. The mean within-family difference was greater in this subset than overall (14.8 years vs. 6.7 years), indicating that age at onset is more variable within families in this subset. The proportion of families in which all affected individuals had at least one copy of the APOE-4 allele was higher in this subset (71%) than overall (61%).
In contrast, the families in the 15q22 subset contained, almost exclusively, affected sibling pairs (2% extended families), had substantially later age at onset than the overall data set (and had a smaller within-family difference and range of age at onset), and included a much lower proportion of families in which all affected individuals carried the APOE-4 allele (34% vs. 61%). This subset contained a slightly greater percentage of families from the NIMH data set (14%), compared with the CAP (9%) and IU (6%) data sets. The 9p22 subset contained similar proportions of families from all three data sets and was not substantially different from the overall sample, with respect to percentage of extended families, APOE genotype, or within-family differences in age at onset.
To test if linkage in these three regions is modified by the APOE genotype, conditional linkage analysis was performed using GENEHUNTER-PLUS. Weighted nonparametric LOD scores were calculated for each OSA subset by weighting family-specific LOD scores by the proportion of affected members carrying an APOE-4 allele (to model epistasis) and by the proportion of affected members not carrying an APOE-4 allele (to model heterogeneity). No significant increases in the LOD score were seen for any subset, indicating that evidence for linkage to these regions is not strongly modified by the APOE genotype.
Discussion
We have identified three regions with age-dependent evidence for linkage to AD: a locus on chromosome 2q34 associated with earlier onset, a locus on 9p associated with late onset, and a locus on 15q22 associated with very late onset. To our knowledge, the 2q34 locus has not been reported elsewhere. The 9p locus was detected in the original genomic screen in these families (PericakVance et al. 2000) . The region on 15q22 is ∼20 cM from D15S659, a marker at which a Finnish case-control study detected linkage disequilibrium with AD (Hiltunen et al. 2001) . Neither of the genomic screens that considered age at onset, in some fashion, as a covariate (Olson et al. 2002; Blacker et al. 2003 ) detected linkage to any of these regions. This is surprising, since 39 of 50 families in the 15q subset were from the NIMH family data set common to this study and to the studies by Olson et al. (2002) and Blacker et al. (2003) . The current study did not detect significant improvement in linkage results in families with "early/mixed" onset AD (families with a minimum age at onset !65 years) in any of the six "early/ mixed" regions (1p31, 3p26, 10p14, 14q22, 15q26, or 19q13) reported by Blacker and colleagues (2003) . Similarly, this study did not identify linkage of very-late-onset AD to chromosomes 20 and 21, as others have reported elsewhere (Olson et al. 2001 (Olson et al. , 2002 . Therefore, either the composition of the current data set or the specific manner in which OSA incorporates covariates into linkage analysis has resulted in the novel results.
To explore this issue further, we used OSA to reanalyze the data from chromosomes 20 and 21 in the subset of 275 families in this study collected by the NIMH AD Genetics Initiative. No significant differences in LOD score were detected on chromosome 21 by minimum or mean age at onset. The variation in results on chromosome 21 may be due to differences in methodology, since OSA utilizes family-specific covariates, and the likelihood-ratio methods used by Olson et al. (2001) utilize relative pair-specific covariates. In contrast, a significant increase in LOD score at 12 cM ( ; LOD p 2.6 P p ) was detected on chromosome 20 in the 61 families .002 with mean age at onset у78 years. This result is 12 cM from the peak LOD score reported by Olson et al. (2002) and suggests that variation in chromosome 20 linkage results in very-late-onset AD may be due to differences in the composition of the family data sets used rather than differences in statistical methodologies. However, as expected from our overall results, the non-NIMH families showed no increase in LOD scores in this region.
These results illustrate the utility of OSA for incorporating continuous covariates into linkage analysis of complex traits. OSA avoids arbitrary cut points (such as early/mixed versus late onset, defined as "age at onset у60 or 65 years") by considering the entire distribution of the covariate. This approach identifies loci that may be strongly linked to disease in a small portion of the covariate distribution. Controlling for the covariate on the family level rather than the relative-pair level focuses on identifying between-family linkage heterogeneity due to the covariate and identifies a subset of families to use in fine-mapping or candidate-gene studies.
OSA analysis detected a significant increase in LOD score (3.2) on chromosome 2q34 in 31 families with minimum age at onset between 50 and 60 years. To our knowledge, no previous study has reported significant evidence for linkage within 50 cM of this peak. These families (mean age at onset 66 years; range 50-85 years) all contained at least one individual with early-onset AD (age at onset р60 years) and at least one individual with late-onset AD (age at onset 160 years). The withinfamily difference in age at onset was larger than that in the overall sample (14.8 years vs. 6.7 years), suggesting that there was more variability in age at onset in this subset. Thus, this region may contain a locus, like PS2, that causes AD in families with both early-and lateonset cases of AD and is marked by wide variability in the age at onset of symptoms (Sherrington et al. 1996) . Furthermore, a greater proportion of families (19% vs. 6%) contained an affected relative pair other than a sibling pair, indicating that this locus may be associated with a family history of AD in multiple generations. Whereas all individuals with AD carried the APOE-4 allele in a greater proportion of families in this subset (72%) versus the overall data set (61%), there was no modification of the linkage results when conditioning on the APOE genotype. A search of the Ensembl database identified 454 known genes in the 1-LOD-unit down SI (192-239 cM) for this locus. Two genes are of particular interest: microtubule-associated protein 2 (MAP2) and ATP-binding cassette A12 (ABCA12). MAP2 is located within 4 Mb of the peak marker, D2S2944. MAP2 is a dendrite-specific microtubule-binding protein from the same protein family as microtubule-associated protein t (MAPT), which is found in the characteristic neurofibrillary tangles seen in the brains of patients with AD (Al-Bassam et al. 2002) . The ABCA12 gene, located !1 Mb from the peak marker, is a member of the ATP-binding cassette (ABC) transporter superfamily, the members of which move substrates across membranes. Other members of the ABCA gene family have been implicated in disorders of cholesterol transport (ABCA1) and early-onset forms of macular degeneration (ABCA4) (Dean et al. 2001) . Since AD is a neurodegenerative condition and the risk of AD is influenced by other genes involved in cholesterol transport (APOE), ABCA12 is a plausible candidate gene. Farther away from the peak marker, but still in the SI, are the genes for caspases 8 and 10 (involved in apoptosis) and the GTPase regulator alsin, mutations of which have been recently reported in juvenile amyotropic lateral sclerosis (Hadano et al. 2001; Yang et al. 2001) .
OSA analysis also increased the LOD score in the region of chromosome 9p that provided the strongest evidence for linkage in the original genomic screen (Pericak- Vance et al. 2000) and subsequent studies in independent samples (Farrer et al. 2003) . A subset of 334 families with minimum age at onset between 60 and 75 years was identified using the optimal-slice option, and the LOD score increased from a baseline of 3.0 to 4.6. Mean age at onset, proportion of extended families, and proportion of families with APOE-4 were all similar to those in the overall sample. These results indicate that this region influences the development of AD in a broad subset of families with late-onset AD, and they narrow the linkage to a 15-cM 1-LOD-unit down SI. According to Ensembl, this interval contains 44 genes, including several biologically plausible candidate genes for AD in this data set-such as MTAP, p15, and p16-that are currently being evaluated for association (Xu et al. 2002) .
The other significant increase in LOD score, when controlling for age at onset, was on chromosome 15q22. The greatest evidence for linkage ( ) was de-LOD p 3.1 tected in 43 families with mean age at onset у80 years, and the P value for this increase met our criteria for genomewide significance ( ). A similar increase P ! .0005 was detected when minimum age at onset was used as the covariate. These results suggest that the effect of this locus is greatest in families with the oldest age at onset. These subsets contained families consisting mostly of affected sibling pairs, suggesting that this locus is involved in causing AD in smaller family aggregates. Although a larger proportion of families had at least one individual with AD who did not carry the APOE-4 allele, relative to the overall sample, there was no statis-tically significant modification of linkage results by the APOE genotype. These observations regarding family size and APOE genotype are consistent with the average age at onset in this subset: multiple family members need to survive past age 80 years to develop very-late-onset AD, and APOE-4 has its maximum impact on risk of AD between ages 60 and 70 years. Only one previous study has reported evidence for linkage to this region. Hiltunen et al. (2001) detected evidence for linkage disequilibrium between late-onset AD and a marker ∼20 cM from the peak markers in the 15q22 region reported here. The influence of age at onset and APOE genotype on the linkage disequilibrium in the Finnish sample was not reported; therefore, it is not possible to determine if the previous association was stronger in very-late-onset AD.
The 1-LOD-unit down SI for the mean age at onset peak on 15q22 was completely contained in the SI for the minimum age-at-onset peak. This 21-Mb SI contains 183 known genes, according to the Ensembl database. Interesting candidate genes in this interval include: MAP2K1 and MAP2K5, which encode protein kinases that may influence apoptosis; RAB11A, which encodes an RAS-related GTPase; KIF23, which enclodes a kinesinlike microtubule motor protein; and CYP1A2 and CYP1A1, members of the cytochrome P450 gene family.
No other nominally significant ( ) increases P ! .0125 in LOD score, when controlling for age at onset, were detected in this data set. Genomic screens, reported elsewhere, of families included in this data set detected evidence for linkage to chromosomes 19 (Pericak- Vance et al. 1991 ), 12 (Pericak-Vance et al. 1997 , and 10 (Pericak- Vance et al. 2000) ; however, evidence for linkage to these regions did not significantly increase when age at onset was considered. This could be because OSA has reduced power to detect small increases in regions with strong baseline LOD scores, since such strong overall results may reflect an effect spread across much of the age-at-onset distribution. Also, the analysis performed here focused on the effect of one continuous covariate (age at onset) on linkage; other categorical covariatessuch as APOE genotype, autopsy confirmation, and source of data (CAP, IU, or NIMH)-could not be easily incorporated in the analysis. On chromosome 10, the maximum subset LOD score was 1.8 (from 0.6 overall), and, on chromosome 12, the maximum subset LOD score was 1.0 (from 0.22). It is important to note that this OSA analysis did not consider the known effect of the APOE genotype on linkage to chromosome 12 (where linkage is strongest in APOE-4-negative families). However, the LOD score on chromosome 19q13 (near APOE) increased to 3.4 (from 1.8) in 103 families with mean age at onset !70 years. These results, although not statistically significant relative to the linkage results in the entire data set, indicate that the strongest linkage in this region is in families with age at onset !70 years of age; this is consistent with the known age-related effect of the APOE-4 allele.
These results suggest that OSA is most powerful for identifying genetic effects that are restricted to a small subset of families with extreme covariate values; such effects are likely to be lost in the overall sample because of the substantial heterogeneity of the LOD scores. In contrast, linkage signals that may be detected in the overall sample may be derived from a much larger set of families, and a "ceiling effect" may exist. Therefore, the improvement in LOD score when considering a covariate may not be statistically significant in regions with strong baseline linkage results.
These results also differ significantly from our study of age at onset as a quantitative trait locus (QTL) in this same data set (Li et al. 2002) . The study of Li et al. (2002) reported strong evidence for linkage ( ) of age at LOD 1 2 onset to regions of chromosomes 4q, 8q, and 10q. None of these regions was detected by our analysis using AD as the trait and age at onset as a covariate. Similarly, quantitative linkage analysis of age at onset as the trait did not detect evidence for linkage to 2q or 15q (Li et al. 2002) . This disparity in results reflects the differences in the statistical methodology used in the two studies. Analysis of age at onset as a QTL aims to identify genetic loci that explain within-and between-family variation in age at onset across the entire age-at-onset distribution. In contrast, OSA-LOD score analysis aims to identify genetic loci that have stronger effects in subsets of families defined by a continuous covariate. Although the two methods have common goals (identifying genes related to risk of AD), the approaches may detect loci with different mechanisms of action.
The results of this study underscore the utility of using covariate analyses to identify potential linkage heterogeneity in genomic screens of complex diseases. In AD, age at onset is clearly an important covariate, because each of the four known genes for AD has a distinctive age-at-onset distribution. Although the effect of the locus on 9p was broad enough to be detectable in the overall data set, the LOD score improves when considering a large subset of families with onset of AD between ages 60 and 75 years. The two novel regions identified in this study generate strong evidence for linkage only in a small subset of families with extreme values of age at onset. If candidate-gene analysis in these regions is focused on families and individuals with extreme age at onset, it is possible to maximize the chances of identifyings the genes responsible for these linkages. Although the percentage of cases of AD attributable to these loci might be relatively small, the discovery of additional genes that influence risk of AD would greatly advance the understanding of the pathophysiology of the disease.
